Abstract-Ultra High Performance Fiber Reinforced Concrete (UHPFRC) is distinguished from the normal concrete with reinforced rebar by high strength without aggregates and outstanding tensile behavior of fiber bridging action. Cracked normal concrete has known for resisting shear by aggregate interlocking, the mechanism of cracked UHPFRC resisting shear remains in the shade. Presents a study of shear transfer in UHPFRC, that is, the transfer of shear across a plane, such as at the interface between a precast beam and a cast-in-place slab. Twenty-four push-off specimens were tested along the shear plane. The interface shear transfer design for monolithic concrete are suggested by limit analysis of plasticity and verified by test results. Plastic analysis gives a conservative, but reasonable estimate. The suggested shear friction factor and effectiveness factor of UHPFRC can be applied for interface shear transfer design of high-strength concrete and fiber reinforced concrete with tensile hardening behavior.
I. INTRODUCTION
IGH-strength materials are widely used to build structures. These materials tend to be brittle, it is important to relieve their brittleness. Ultra High Performance Fiber Reinforced Concrete(UHPFRC) has ductility and durability with its high strength, and these material characteristics are distinguished by tensile hardening behavior. It is well known that cracked concrete structures still have a load carrying capacity is attributable to phenomena as bond slip, tension softening behavior, dowel action and aggregate interlock. In UHPFRC, tensile softening or hardening behavior is a key issue to analyze the shear transfer between a crack instead of aggregate interlocking.
The aim of the research program is to suggest the shear transfer strength for monolithic joint of UHPFRC. The interaction between a crack depends on the mechanisms of axial restraint forces due to fiber bridging action. Experimental study on push-off test gives test results for cracked UHPFRC with regards to transverse reinforcement ratio and its tensile strength. From limit analysis of plasticity, failure criteria of UHPFRC can be defined. The shear transfer strength for Ji-hyung Lee is with Seoul National University, Kwanak-ro 1, Kwanak-gu, Seoul 171-744, Korea (corresponding author's phone: 82-2-880-7061 ; e-mail: cb415@snu.ac.kr).
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UHPFRC is suggested and verified by comparing the push-off test results.
II. EXPERIMENTAL INVESTIGATION
Twenty four push-off tests were carried out to find out the constitutive relationship on crack friction. Material tensile strength according to the fiber volume ratio and transverse reinforcement ratio are variables for the experiment.
A. Material composition and properties
The basic UHPFRC composition is shown in Table I . The straight steel fibers are 16.3mm and 19.5mm in diameter, and their tensile strength is 2500 MPa. All specimens are steam cured for 72 hours at 90 degree after 24-hour curing at room temperature.
Two kinds of reinforcement bar, D10 and D13, are arranged perpendicular to the shear plane with same spacing in Fig.2 . The mechanical properties of reinforcement bar is shown in Table II . 
B. Direct Axial Tensile Strength Test
For UHPFRC, tensile strength along the crack due to fiber reinforcement is very important mechanical properties. The UHPFRC in this research has tensile hardening behavior mixing different length of fiber. The tensile stress and crack width relationship is shown in Fig. 1 . The tensile strength tends to increase increasing fiber volume ratio without V f =0%.
Notched specimens introduced for direct tensile strength is shown in Fig. 1 
C. Specimens and Push-off Test procedures
The tests were carried out on push-off specimens with internal restraint bars (Fig.2) . Three transverse reinforcements are arranged with same spacing using different size of the bar. Specimen details are shown in Table III . The specimens were supported on roller bearings and were loaded by a vertical load, applied on top via a knife hinge.
With this method of loading, shear without bending moment is produced in the shear plane. The head and the sides of the specimens were reinforced in order to avoid premature failure due to secondary cracks. Measurements of the crack width and the shear displacement were performed at the center of the specimen on the front and rear faces by means of diagonal LVDT. The vertical external load was measured by a load cell. The passive restraint force normal to the crack plane was determined using strain gauges attached to the internal bars.
During the actual shear test, the specimens were subjected to a monotonically increasing load. The shear displacement rate was 0.01 mm/sec. The test were stopped when the shear displacement had reached a value of 2 mm. 
D. Push-off Test Results
Consider a push-off specimen, thickness b, and with a shear plane of length d (Fig. 3) . The stresses acting on a small element of concrete lying in the shear plane will be as shown in Fig. 3 . Shear stresses τ on all faces, normal stress σ x , due to the restraint provided by the transverse reinforcement, and normal stresses σ y .
Failure of all specimens occur on the shear plane. Typical failure crack pattern is shown in Fig. 4 . Higher reinforcement ratios, more inclined crack is observed and accompanied by concrete crushing at the notched edge. Shear stress τ in Fig. 5 means average value corresponded with Fig. 3 . First of all, the maximum shear stress clearly increases according to increase of fiber volume ratio regardless of transverse reinforcement ratio. However, specimen with transverse reinforcement of D10 and D13 makes slight differences with maximum shear stress. The higher transverse reinforcement ratio contributes increase of ductility rather than increase of shear strength.
Vertical displacement and horizontal displacement relationship shows dowel action of transverse reinforcement clearly. Specimens without transverse reinforcement maintain constant slope until maximum shear strength, but specimens with transverse reinforcement have increasing its slope until ultimate strength point. These behavior can be explained by inclination of final failure crack and concrete crushing, too.
III. ANALYTICAL INVESTIGATION
The first analysis based on the theory of plasticity was performed by B.C. Jensen. A theory of less general character but rendering similar results is the shear-friction theory developed by Mattock and associates.
In this research, the failure criteria of reinforced concrete based on plasticity theory is explained, and then the UHPFRC failure criteria will be presented. Basically the theoretical expectation based on modified Coulomb material is almost same, but the characteristic value for monolithic concrete should be verified by test results.
A. Modified Coulomb Material
The resulting failure criteria makes it natural distinguish between two failure modes, sliding failure and separation failure. At sliding failure there is motion parallel to the failure surface, while motion at separation failure is perpendicular to the failure surface.
The condition for sliding failure is | | . One contribution is cohesion, denoted c. The other contribution stems from a kind of internal friction and equals fraction μ of the normal stress σ in the section. The parameter μ is called the coefficient of friction. An angle υ given by is called the angle of friction. Separation failure occurs when the tensile stress σ in a section exceeds the separation resistance f t , when σ= f t . Three material constants, c, μ, and f t must be known for a modified Coulomb material.
The material characteristics of UHPFRC coincides with the modified Coulomb material as shown in Fig. 6 . The compression failure will always involve sliding failure and the pure tensile failure will involve separation failure. 
B. Failure Criteria by Energy Method
In most cases, the strength of a joint can be treated as a plane strain problem. Consider a failure mechanism in the form of a yield line along the line of loading. The relative displacement of the right-hand part to left-hand part is , forming the angle to the yield line. (Fig. 7) The external work is . The dissipation consists of two parts, one from the concrete and one from the reinforcement. The reinforcement bars are perpendicular to the yield line. As before, the dowel effect of the reinforcement is neglected, which means that the dissipation in the reinforcement is , where is the reinforcement area and the yield stress. From the concrete the contribution is , where is the length of the yield line, and is given as a function of by the formulas, plane stress problems.
The load-carrying capacity determined by (1), (2), and (3) is shown in Fig. 8 for virgin material, which can be applied to UHPFRC at the same time.
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1 sin for 0 , tan As many cases where the strength of the concrete is important, the theoretical results are not in agreement with the experimental results unless effective strengths are introduced. The weakness of the joints gives rise to a smaller effectiveness factor ν than for the monolithic concrete. The bottom line in Fig.  8 is the results applying ν =0.67 based on Hofbeck 's push-off test results. The effectiveness factor reflects softening and cracking effect of monolithic concrete.
C. Shear Friction Factor of UHPFRC
Assumption for the limit analysis includes neglecting dowel effect of reinforcement because shear friction factor indicates the characteristics of UHPFRC itself. As shown in Fig. 7 , sliding failure occurs on the shear plane of the specimen and relationship of normal and shear displacement along the crack defines the angle . The inclination of the two displacements in Fig. 5 . includes dowel effect of reinforcement, so it is not easy to find shear friction factor based on the displacement results directly. Therefore it is necessary to define the restricted forces clamping the crack precisely assuming fiber reinforcement contribution.
Let us fiber reinforcement contribution the hardening region of tensile strength. Fiber bridging action reveals between macro crack, which represents . is maximum tensile strength of UHPFRC and is cracking strength of UHPFRC. Considering this term, normal stress between the crack defines as . Applying the definition of friction factor, the rate of shear stress to normal stress shown in Fig. 9 can be identified as 1.4 and friction angle υ is 55°. Dotted line in Fig. 9 represents failure criteria of UHPFRC material.
D. Effectiveness Factor of UHPFRC
Effectiveness factor is found fitting the curve to the test results. Solid line in Fig. 9 represents failure criteria of UHPFRC for monolithic concrete considering softening and cracking. The effectiveness factor of UHPFRC is ν =0.5, which is much smaller than normal concrete.
The important role of effectiveness factor limits the upper bound for the highly reinforced structural element. The failure of web crushing is one of the application.
The effectiveness factor of high strength concrete above 100MPa is hardly known, so this value is important for further research. 
V. CONCLUSION
The analytical and experimental investigation of shear transfer strength for UHPFRC can be summarized as follows.
(1) The ultimate shear strength of shear transfer is governed by the tensile strength rather than transverse reinforcement ratio. The transverse reinforcement is much more effective to ductility of structural element.
(2) The limit analysis by plasticity theory explains the shear transfer mechanism of UHPFRC well. The assumption for sliding failure defined by modified Coulomb material is applicable for UHPFRC.
(3) The fiber reinforcement contribution restricts widening crack width and acts as transverse reinforcement. The contribution of fiber reinforcement implies that UHPFRC without transverse reinforcement resists shear friction solely.
(4) From the push-off test results, contribution of cohesive c , friction factor μ , and effectiveness factor ν is defined and shear transfer strength using the defined variables is represented and verified by test results.
